INTRODUCTION
It is an important issue to estimate radiation streaming through labyrinths of accelerators for the radiation shield design. Several simple analytical formulas and Monte Carlo codes have been suggested for such estimations. However, these calculation methods for high-energy proton accelerator facilities have not yet been examined sufficiently.
In this research, we measured radiation streaming through a labyrinth at the neutrino beam line of the 12 GeV proton accelerator facility of the High Energy Accelerator Research Organization (KEK), and compared it with the evaluation calculated using Monte Carlo codes.
Thermoluminescence dosemeters (TLDs) were used to measure the neutron and the gamma doses, because this method is easier to use compared with the activation method. However, it is necessary to moderate neutrons for the measurements using TLDs. In the case of a high-energy neutron field, it is an issue to moderate neutrons sufficiently for TLDs, because there is a possibility that the neutron dose is underestimated.
EXPERIMENTS

Dosemeter
Panasonic UD-813PQ4 TLDs shown in Figure 1 were used. Each TLD has four luminescent materials made of isotopically enriched lithium borates. The TLD values were read using a TLD reader (Panasonic 7100P).
TLD rem-counter
TLDs are insensitive to high-energy neutrons. For moderating high-energy neutrons, neutron dose equivalent monitor cases (Panasonic UDS893P-1; shown in Figure 2 ), were used, which is called a TLD rem-counter. The counter was a polyethylene cube of 22 cm side. Two TLDs were put in a lead chamber with Cd absorbers at the centre of the cube. Total neutron dose was measured using the TLD rem-counter.
Labyrinth and set-up
The experiments were carried out in a labyrinth at the neutrino beam line of the 12 GeV proton accelerator facility of the High Energy Accelerator Research Organization (KEK). The plane view of the labyrinth is shown in Figure 3 . A copper plate (0.5 mm thickness) was inserted in the neutrino beam line as a radiation source. In this source, 1% of primary protons was lost. The energy of primary protons was 12 GeV and the beam intensity was 3 Â 10 12 particles per second. Two TLDs, two TLDs covered with a Cd plate and two TLDs in the TLD rem-counter were placed at seven points (Figure 3 ) along the labyrinth. Each TLD rem-counter was placed 50 cm above the floor and TLDs were placed 20 cm above the upper surface of the TLD rem-counter so that they do not interfere with each other. The measurements along the upstream side (Nos 1-4 in Figure 3 ) and the downstream side of the labyrinth (Nos 4-7 in Figure 3 ) were made separately. The background doses along the downstream side of the labyrinth were measured without the copper plate. The background doses along the upstream side of the labyrinth; however, could not be measured, because of a restriction on the accelerator's operating time.
Data handling
Since the TLD reader indicates the TLD value as photon dose in units of Sv, the calibration factor for converting it to neutron dose is required. The conversion factor (real neutron dose/readout dose) for the TLD rem-counter is 0.337, which was obtained by Tsujimura et al. (1) . The factor for thermal 
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Accelerator tunnel (2) neutrons is 0.0051, which was obtained at the thermal neutron calibration field (2) of KEK. The neutron doses were normalised by the number of irradiated protons incident on the target. Figure 4 shows the results of the total neutron doses measured by TLDs and those calculated by using MCNPX. MCNPX did not simulate the TLDs including polyethylene. It calculated fluxes at the detector positions. The calculated fluxes were folded by flux-to-dose conversion functions. The measurement data include the background doses. The background doses along the downstream side of the labyrinth, which contribute to 20-30% of the measured data, are also shown in Figure 4 . The calculated doses using MCNPX basically agree with the measured ones. In contrast to the calculated doses along the first leg of the labyrinth (Nos 1-3), which were underestimated, the calculated doses along the second and third legs of the labyrinth (Nos 4-6, 7) were overestimated. Figure 5 shows the results of the thermal neutron doses measured by TLDs, calculated using MCNPX, and the background doses. The calculated doses along the first leg of the labyrinth were underestimated, as for neutron doses of whole energy shown in Figure 4 . The overestimation of the calculated doses along the second and the third legs of the labyrinth was higher than in the case of the whole neutron doses. Although the measured doses decreased greatly from the first leg to the second leg, the calculated doses did not. The thermal neutron dose attenuation owing to the bend of the labyrinth was not sufficiently estimated by MCNPX. Figure 6 shows the measured gamma doses. The measured doses were attenuated along the labyrinth, as in the case of the neutron doses.
RADIATION STREAMING EXPERIMENT THROUGH LABYRINTH
RESULTS
DISCUSSION
The measurement doses of the two experiments at point No. 4 were in good agreement. Then, the reproducibility of the two measurements was good.
In the first leg of the labyrinth, high-energy neutrons contribute greatly to the neutron dose as they are near the neutron source. There is, thus, a possibility that the TLD rem-counter does not moderate neutrons sufficiently for the TLDs. It was expected that the measured doses would be smaller than the calculated ones. However, actually, the measured doses were larger than the calculated ones. This may have been caused by the effect of secondary charged particles generated at the copper target, or the effect of the background doses in the upstream side of the labyrinth, which may have been larger than the one on the downstream side, or the spectrum of the calculation was wrong. However, it is still unknown in detail. Background dose measurements along the upstream region of the labyrinth are required to clarify this. In the second and the third legs of the labyrinth, the calculated doses were larger than the measured doses. This may have been due to the effect of the thermal neutrons. Figure 7 shows the ratios of the thermal neutron doses to the total neutron doses. In the case of the measurement, the ratios increased towards the exit of the labyrinth by moderating the neutrons, as follows: in the first leg the ratios were 1%; in the second leg the ratios were 2-4%; and in the third leg the ratio was 16%. In the case of the calculation, in the first leg of the labyrinth the ratios were $1%, in the second leg the ratios were 10-20% and in the third leg the ratio was 40%. These increased more rapidly than those of the measurements. Figure 8 shows the measured variation of the ratios of the gamma doses to the neutron doses. Upstream of the labyrinth, although the gamma doses were less than the neutron doses, the ratios increased towards the exit of the labyrinth, and the gamma dose had approximately the same value as the neutron dose near to the exit of the labyrinth (the third leg of the labyrinth, No. 7). Therefore, the gamma dose is of considerable value for estimating the dose at the exit of the labyrinth.
CONCLUSIONS
The neutron doses calculated using MCNPX basically agree with the measured ones. The calculated neutron doses were smaller than measured ones along the upstream side of the labyrinth. Background measurements upstream of the labyrinth are required to clarify the reason for this. The calculated doses were larger than the measured ones along the downstream side of the labyrinth. This may have been due to an overestimation of the thermal neutron effect by the calculation. We are considering using other codes such as MARS and PHITS for the calculation. RADIATION STREAMING EXPERIMENT THROUGH LABYRINTH (2) 
